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Abstract

We introduce action-driven flows for causal variational principles, being a class of nonconvex variational problems
emanating from applications in fundamental physics. In the compact setting, Holder continuous curves of measures
are constructed by using the method of minimizing movements. As is illustrated in examples, these curves will in
general not have a limit point, due to the nonconvexity of the action. This leads us to introducing a novel penalization
which ensures the existence of a limit point, giving rise to approximative solutions of the Euler-Lagrange equations.
The methods and results are adapted and generalized to the causal action principle in the finite-dimensional
case. As an application, we construct a flow of measures for causal fermion systems in the infinite-dimensional

situation.
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1. Introduction

The theory of causal fermion systems is a recent approach to fundamental physics (for an introduction
to the physical background and applications as well as the mathematical context, we refer the interested
reader to the review [9], the textbooks [8, 10] or the website [1]). In this approach, spacetime and all
structures therein are encoded in a measure p on a set of operators on a Hilbert space. The physical
equations are formulated via a variational principle for the measure p, the so-called causal action
principle. Causal variational principles evolved as a mathematical generalization of the causal action
principle [7, 11, 12] (an introduction to the causal action principle and causal variational principles can be
found for example in [10, Chapters 5 and 6]). From the point of view of the calculus of variations, causal
variational principles are a class of nonlinear, nonconvex variational principles where one minimizes
an action S under variations of a measure p. One of the objectives of the present paper is to formulate
and analyze corresponding flows of measures. Moving from the study of minimizing measures to flows
of measures can be understood in analogy to the transition from stationary problems (like for example
minimizing the Dirichlet energy) to corresponding evolution equations (like for example the heat flow).
In simple terms, our flows can be understood as gradient flows corresponding to causal variational
principles. Due to the lack of convexity and smoothness, the formulation of the flow equations as well
as the proof of existence of solutions are mathematically challenging and seem of general interest in the
context of nonsmooth and nonconvex variational problems.

1.1. Causal variational principles

In order to describe this objective and underlying obstructions in more detail, we begin by recalling the
general setting of causal variational principles. For simplicity, we firstly restrict attention to the so-called
compact setting; the detailed set-up shall be deferred to Section 2.1 below.

Our starting point is a compact metric space (¥, d) and a non-negative function £ : F X F —
R§ := [0, ) (the Lagrangian) which is assumed to be continuous. The corresponding causal action
principle then is to

minimize S(p):/gdp(x)/gdp(y) L(x,y) (1.

over the class I (F) of normalized Borel measures on & . Causal variational principles are a class
of examples for nonsmooth and nonconvex variational principles. The existence of solutions of (1.1) is
a consequence of the direct method of the Calculus of Variations (see Section 2.1). Most importantly,
minimizers p satisfy the corresponding Euler-Lagrange equations (EL equations for brevity), and their
precise formulation is given in Section 2.1.

Constructing solutions of the EL equations — or physically meaningful approximations thereof — is of
central importance in the theory of causal fermion systems in order to get a better understanding of the
nature of the physical interactions as described by the causal action principle. Here, abstract existence
results are not sufficient, but one needs constructive methods which give insight into the structure of the
minimizing measure. By the aforementioned lack of smoothness and nonconvexity, this is a nontrivial
task in itself. In this regard, a central objective of the general theory is to find a canonical way of how
a generic probability measure pg can be modified continuously to yield an (approximative) solution of
the EL equations. In other words, this corresponds to a meaningful evolution ¢t — o(¢) with o(0) = pg
such that, for 1 — oo, o(t) approaches an (approximative) solution of the EL equations.
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1.2. Gradient flows

By the variational nature of the problems considered here, it is natural to consider evolutions driven by
the energies or actions given by (1.1). By this we mean that the energies of the solutions are decreasing
in time. Heuristically, this can be interpreted as a measure-valued variant of the ordinary differential
equation

d_dtg(t) =-VS(p) ift>0,
0(0) = po .

(1.2)

However, for future reference, we remark that (1.2) has to be understood symbolically; in our case and
as shall be discussed below, this is due to the lack of smoothness, in turn being a consequence of the
nonconvexity and nonsmoothness of the action S.

By way of comparison, in the more familiar situation of classical Dirichlet energies, for example, on
Sobolev spaces, (1.2) reduces to the usual heat equation. The convexity of the underlying energies then
allows for useful a priori estimates, finally leading to both existence and regularity assertions for the
respective flows. These methods have been refined and extended to many other flow equations, provided
that the driving energies are convex.

1.3. Flows for nonconvex variational problems

The situation changes drastically if the underlying energies are no longer convex. To the best of our
knowledge, there is no unifying theory that yields both existence and decisive statements on the long-time
behavior of solutions of the associated gradient flows (see however related results in [16, 4, 17, 15, 18]).
To overcome the first issue, we employ a version of DE GIorGI’S minimizing movements approach
[6,2, 5, 14] adapted to the present setting; in essence, they can be understood as a method for extending
the gradient flow to nonsmooth actions on infinite-dimensional spaces. This construction leads to a
flow

@ : [0,00) X My (F) — Mi(F)

with the property that the action given by (1.1) is strictly decreasing along the flow lines. In essence, this
is achieved by solving variational problems in discrete time steps which are penalized by the Wasserstein
metric, and then pass to a continuous time evolution by use of an Arzela-Ascoli-type argument. While
we describe an analogous penalization procedure by use of the total variation norm, the use of the
Wasserstein metric is most suitable here. Indeed, it is the weak*-convergence of probability measures
for which compactness can be achieved and the actions (1.1) are lower semicontinuous; the Wasserstein
metric, in turn, induces weak*-convergence. We also study the analogous procedure for the total variation
norm. In this case, we also get existence of a flow. But the flow has the shortcoming that it potentially
gets stuck away from local minima (as will be explained in an example in Section 5). With this in mind,
it seems that the Wasserstein distance is the correct metric for the flow of measures we have in mind.
We prove that the resulting curves of measures are Holder continuous (see Section 4.3).

It is an important task to control the long-time behavior of solutions. It is here where the interplay
of nonconvexity and the weak compactness properties of weak*-convergence necessitate additional
arguments. First, it is clear from the arbitrariness of the initial value pg that, at best, the curve will
converge to an extremal point but not necessarily to a minimizer. In fact, by the very definition of the
flow, it might get stuck at a critical point of the functional, and by the nonconvexity, the latter might
be far away from any global minimizer. In the general situation considered here, the situation is even
worse: it may happen that the gradient flow does not converge at all. This will be shown in Section 3
in a simple example where the potential is constructed as a downward spiral with increasingly small
potential wells (see Figure 1 on page 8). In examples of this type, which may be known to the experts
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in different scenarios, there is not even a subsequence of times (¢ ) for which the measures converge to
a solution of the EL equations.

In order to overcome such difficulties, we also introduce another flow which involves an additional
penalization term involving a parameter & > 0. In the case & = 0, we get back the above flow by
minimizing movements. In the case & > 0, the additional penalization term gives us a priori control of
the length of the curve (as measured in the Wasserstein distance) in terms of the change of the action
(see Section 4.4). This makes it possible to reparametrize the curve, using the action itself as the new
parameter. In this way, we can circumvent the difficulty that the flow might get stuck in “plateaus” of
the potential for a long time (as shown in Figure 2 on page 20). After the reparametrization, the curve
becomes even Lipschitz continuous (see Section 4.4). Moreover, we get control of the long-time behavior
of the solutions. Indeed, in the case & > 0 we prove that the resulting curve o (¢) does converge (see
Section 4.5). The prize to pay is that the limiting measure satisfies the EL equations only approximately.
For the error term, we derive a precise a priori bound which tends to zero as & N\, 0. With this in mind,
our procedure seems well-suited for the applications in mind. For example, in a numerical study one
can choose ¢ so small that the error of the approximation is bounded by the numerical errors.

We also extend our methods and results to the causal action principle for causal variational principles.
Our methods and results can be understood more generally from the perspective of nonconvex variational
problems. Indeed, causal variational principles are model examples of variational principles which,
in general, are fully nonconvex. The methods to be developed in the present paper provide Holder
continuous flows of measures with these desired properties.

1.4. Structure of the paper

The paper is organized as follows. After the necessary preliminaries on causal variational principles and
measure theory (Section 2), we discuss a simple example of a nonsmooth and nonconvex variational
problem in two dimensions (Section 3). In Section 4 flows are developed starting from minimizing
movements for causal variational principles in the compact setting. In Section 5 our results are illustrated
by further examples. Section 6 is devoted to the adaptation and generalization of our methods and results
to the causal action principle in finite dimensions; this section also includes a brief but self-contained
introduction to causal fermion systems and the causal action principle. Finally, in Section 7 we give an
outlook on how our flow could be used for the study of the EL equations for causal fermion systems in
infinite dimensions.

2. Preliminaries
2.1. Causal variational principles in the compact setting

We let (#, d) be a compact metric space and suppose that the Lagrangian £: & X & — R{ satisfies
the following assumptions:

(A1) L is symmetric: L(x,y) = L(y,x) forallx,y € F.
(A2) LeCUF x ZF, R{) is continuous in both arguments.

The causal variational principle is to minimize the action S defined as the double integral over the
Lagrangian

S(p) = L dp(x) L dp(y) L(x.y) @1

under variations of the measure p within the class of regular Borel measures, keeping the total volume
p(F) fixed (volume constraint). By rescaling the measure, it is no loss of generality to consider
normalized measures, that is,
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p(F)=1.

The existence of minimizers follows from standard compactness arguments (see [7] or, in a slightly more
general scenario, [12, Section 3.2] or [10, Chapter 12]); the method will also be revisited in Lemma 4.2
below.

Given a minimizing measure p € M (F), we introduce the underlying spacetime M as its support,

M = suppp::?\U{UCFiopen: p(U):O}.

In [11, Lemma 2.3] it was shown that a minimizer satisfies the Euler-Lagrange (EL) equations, which
state that the continuous function ¢ : # — R/ defined by

(0 = [ £y o)
F
is minimal on spacetime,

{lp = infl . (2.2)
F

For further details we refer to [1 1, Section 2] or [ 10, Chapter 7]; we remark that we left out the parameter
s appearing in these contributions, which will not be required here.

2.2. Background facts from optimal transport and metric measure spaces

We now fix our notation and recall a few background facts from measure theory and metric measure
spaces to be used in the sequel. We specialize the setting by assuming that & is a compact metric space
with metric d. We denote the set of probability measures on & by M;(F). More generally, we use
IM(F) to denote the signed Radon measures on F and endow M (F) with the total variation norm

lullbw) = sup > (B, peMF), 2.3)

nell(F) Ben

where TI(&) is the set of all countable Borel partitions of &. For future reference, we note that
(M(F), llpllam()) is a Banach space, and that the metric induced by || - [la (%), denoted by dyy (), will
also referred to as the Fréchet metric.

In our arguments below, we will also make use of the p-Wasserstein metric on & for 1 < p < co.
Given a measure P € M (F x F), fori € {1,2} we denote the projection to the i component by
i FXF 3 (x1,x) o x; € F. We let riP(A) := P(n;' (A)) for A ¢ F be the corresponding push-
forward of P. As is customary in this context, we then define for y1, o € M, (F) the class of couplings
I"(u1, p2) (also referred to as transport plans) by

T(up, pp) ={P eI (F XF): ﬂ;P: u; fori e {1,2}}.

Here the measures ﬂLP are referred to as marginals. Let 1 < p < co. We then define for u, v € M1 (F)
the p-th Wasserstein metric by

1

W (1. v) = (mf{/f d(x,y)” dB(x,y) : Pe r(y,v)})” . 2.4)

The integral appearing in (2.4) will also be abbreviated by W, (P). For future reference, let us emphasize
that W, metrizes the weak*-convergence on I (¥ ), meaning that (see [19, Corollary 6.13])
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(/ odu; —>/ odu forall g C(F/T)) = W,y -0, 2.5)
F F

where C(&) denotes the continuous functions on & . The following lemma is clearly well-known to the
experts, but since it is crucial for our arguments below, we include its short proof.

Lemma 2.1. For any p € [1, ) the following inequality holds,

1

Wp (i, v) < diam(F) ||u — v||£t(g) SJorall u,v e M(F) . (2.6)
Moreover, for any pu,v € WM (F) and A € [0, 1],
W, (A + (1= )v,v) < AW, (1, v). Q2.7)

Proof. For the proof of (2.6) we introduce the measure

1
pi=5 (uty=lp=v]).

Then the measures i — p and v — p are both positive, with total volume given by

(1= p)(F) = (= )(F) = 5l ~ Vs

‘We consider the transport plan

P(x,y) := p(x) 6(x,y) + (H=p)x(v=p).

llee = vllar (o)

It has the desired marginals IT}#P = p and ﬂﬁP = v. We thus obtain the estimate

W, ()P < /L d(x.y)” dB(x.)

< diam(F)? e (4= p)(F) (¥~ p)(F)
e = vllan()

1
= 5 diam(F)” |l = vl -

This gives (2.6). _
In order to prove (2.7), we let £ > 0 be arbitrary and choose P € I'(u, v), P € I'(v, v) such that

W,(P) < W,(u,v)+& and W,(P) <e. 2.8)
Now it suffices to realize that the coupling P’ := AP + (1 — 2)P has the two marginals

TP = Au+ (1 -2y and P =v.
Hence P’ € I'(Au + (1 — A)v, v) and therefore

Wy (Au+ (1= )v,v) < W,(B") = AW, (P) + (1 = )W, (P) < AW, (u,v) +&.

Sending & “\, 0 establishes (2.7), and this completes the proof.
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S(r,0)

\
7 r

Figure 1. Plot of the profile function S(r,0).

3. An example of a nonsmooth, nonconvex variational principle

In order to illustrate the familiar difficulties which one encounters when analyzing nonsmooth, nonconvex
variational principles, we begin with an explicit example. Despite its simplicity, it has similar features as
will be proven for general causal variational principles later on. In order to keep the setting as simple as
possible, instead of varying on a space of measures, we consider a minimization problem for a function
on R?. We choose polar coordinates (7, ¢) and introduce the action S by

1
S(r, @) = 3—2r2+r2(1—r2) sin(l_r+tp) if r<l1
exp(l —r) ifr>1.

This action is smooth except on the unit circle » = 1, where it is merely continuous (see the radial plot
in Figure 1).
Suppose that we want to find a minimizer using a gradient flow, that is,

1
7(6)=-VSl,;y and  y(0) = (r = 0= o) . 3.1)

Then the curve y () will “spiral outward” an infinite number of times. Therefore, it will not converge,

lim y(t) does not exist .
t—00
Instead, all the points of the unit circle are accumulation points of the curve. However, the points on the

unit circle itself are not critical, because the action becomes smaller linearly if the radius is increased.
This gradient flow can be realized using minimizing movements if one considers the action

1
S(r.¢) + 5, d((r.9).(".6")’. (3.2)

where d denotes the Euclidean distance in R?. Indeed, computing the first variation of this action in the
Cartesian variables x = r cos ¢ and y = r sin ¢, we obtain the EL equations

0S8\ 1 (x-x'
+ — ,1=0
((’)yS) h (y -y )
Assuming that the limit 2 ™\ O exists, we obtain the differential equation (3.1). Therefore, the penalized

action (3.2) can be regarded as a discrete version of the gradient flow with step size A.
We next consider minimizing movements with an additional penalization term parametrized by £ > 0,

§(.)+ 5 d((r, )., 6)) +£d((r.9), (,9) .
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Now the corresponding flow equation takes the form

IVSlynll =€

Ye(t) = IVSly ol
0 otherwise .

VSly @) if [|[VSlyll > ¢

Therefore, the flow stops as soon as the norm of the gradient becomes smaller than &. Choosing & very
small, the solution curve ¢ (¢) will look similar to y(7), but instead of “spiraling around” an infinite
number of times, it will stop at a point near the unit circle. The resulting curve has finite length and a
limit point,

Ye(o0) = tlim ve(t) exists .
The drawback is that the EL equations are satisfied only approximately in the sense that

IVShewll <€

In the limit £ ™~ 0, the limit points y¢(co) again “spiral around” an infinite number of times. Therefore,
the limit

lim ) does not exist .
5\075( )

Instead, all the points of the unit circle are again accumulation points of the curve y¢(co0) with ¢ € R*.

4. Minimizing movements for causal variational principles
4.1. The causal action with penalization

Throughout this section, we tacitly suppose that Assumptions (A1) and (A2) on the Lagrangian hold. In
order to set up the minimizing movements scheme, we first consider variational problems with a given
penalization. In particular, given parameters ¢ > 0, 4 > 0 and a measure p, we define

1
SME(p) 1= S(p) + 5 d(ps p)* + € d(u, p) @.1)
where d is the Fréchet or the Wasserstein distance, (cf. (2.3) and (2.4))
Case 1. d = dy () or Case2. d=W,. “4.2)

The existence of solutions of the underlying minimization problem will be proven in Lemma 4.2. We
begin with the following preparatory result (for a similar weaker statement see [12, Theorem 3.4]).

Lemma 4.1. Let (%, d) be a compact metric space and let L € C(F X F). Then the functional

S:M(F)oum //g yﬁ(x,y) du(x)du(y)

is continuous with respect to weak*-convergence on W (F).
Moreover, the functional S is Lipschitz continuous with respect to the Fréchet metric, that is, there is
a constant C (which depends only on F and L) such that for all p, p € WM (F),

[S(5) = S(p)| < C dwz) (5. p) - (4.3)
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If we assume that the Lagrangian £ € C*%(F x &, R$) is Holder continuous with Holder exponent
a € (0, 1], then so is the functional S with respect to the Wasserstein distance, that is, there is a constant
C (which again depends only on F and L) such that for all p, p € W (F),

[5(5) = S(p)| < CW,y(p,p) . 4.4

Proof. Let p, p1, p2,... € M1 (F) be such that p; BN p as j — oo. Since F is compact, the Weierstrafl
approximation theorem implies that the space

X :=span{(x,y) = f(x)g(y): f.g € C(F)}

is dense in C(F X F). Let € > 0 be arbitrary but fixed. We then find 7 € C(X X X) of the form
h(x,y) = SN, hi fi(x)gi(y) with Ay, ..., hy € R such that || £ - hllw < &. Therefore,

‘//7 mﬁ(x,y)dp(x) dp(y)—/m 7E(x,y)dpj(X)de(y)‘
< //g 1) = ) dp(e) do(y)

// h(x,y)dpj(x)dpj(y)—// h(x,y)dp(x)dp(y)‘
FXF FXF
* //gxg |L(x,y) = h(x,y)[dp;(x)dp;(y) = T+ I+ 1L

+

We then have I < £p(%)? and III < em?. On the other hand, by the very structure of %, the weak*-
convergence p; A p implies

//gxg h(x,y)dpj(x)dpj(y)=Zhi(/gf(x)dpj(x))(‘/gg(y)dpj(y))

i=1
N

—>;hi([Jf(x)dp(x))(‘[jg(y)dp(y))

- /L ) dp(x) dp(y)

as j — oo, so that I — 0 as j — oo. By arbitrariness of £ > 0, the proof of continuity is complete.
In order to prove the Lipschitz bound (4.3), we rewrite the difference of the actions as

S =50 = [ 45w [ 4500 £ = [ oo [ o) £y
- [0 [ a(p-p)) L)+ [ ap=p)) [ ap0) £y,

Using that the Lagrangian is uniformly bounded and that the measures are normalized, we obtain the
estimate,

S(p) = S(p) < 21Lllco (grx) dams) (65 ) »

proving (4.3).
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In order to derive the Holder estimate (4.4), we let v € M (F X F) be a coupling of p and g. Then,
using that the two marginals of v coincide with p and g, the difference of actions can be written as

S-S = [

FXF

dV(X,.X',) dV()”y’)(E(xl,y’) —ﬁ(%)’)) .

FXF

Using that the Lagrangian is Holder continuous with Holder constant denoted by ¢, we know that

|0,y = L0y < LY = L0y + LG, y) = L(x, )

<
<c(dx,x)+d(y,y)?).

‘We thus obtain

() - S(p)| < 2¢ /

FX

d(x,x)* dv(x,x’) < 2c (/
F F

d(x,x")P dv(x,x") ’ ,
XF

where in the last step we applied the Holder inequality for normalized measures. Taking the infimum
over all couplings gives the result. O

Lemma 4.2. Forany & > 0, h > 0 and p € I\ (F), there exists a minimizer u € M (F) of the causal
action with penalization (4.1).

Proof. Since L: F x F — R}, S"¢ is bounded below on M (F) and thus m := infey () S"¢
exists in [0, o), we can choose a minimizing sequence (y;) € M (F) for S™¢, so that in particular
m =lim;_,q Sh’f(pj). By the duality relation Co(F)’ = I (F) and using that M; (F) is convex and
closed, the Banach-Alaoglu theorem provides us with a nonrelabeled subsequence and a probability
measure u € M (F) such that we have u; BN win M (F). By Lemma 4.1, S is continuous with
respect to weak*-convergence. Now, if (i) d is the Fréchet metric, then d(-, p) = || - —pllm () is lower
semicontinuous with respect to weak*-convergence. On the other hand, if (ii) d is the p-Wasserstein
metric, then d metrizes weak*-convergence and so, in particular, d(-, p) is continuous with respect to
weak*-convergence. In both cases, S"-¢ is lower semicontinuous with respect to weak*-convergence.
Hence,

m < S"E () < liminfSh’f(,uj) =m,
j—oo

and therefore y is a minimizer. O

For clarity, we point out that minimizers will in general not be unique. Moreover, whereas the Fréchet
metric dqy(g) might seem as an easier or more natural choice, it comes with unfavorable properties of
the flow (see Section 5) which can be avoided by working with the Wasserstein distance W,.

4.2. Minimizing movements

Let pg € M, (F) be a given initial measure. Throughout, we fix a penalization parameter £ > 0 and,
given h > 0, consider the sequence of measures (pj.'"f)jeNO obtained by choosing pj.‘;ﬁ = po and by
iteratively minimizing the associated functional

h&, N\ 1 h,&\2 h&
for j = 1,2,.... The first penalization term follows the general procedure in the minimizing movements
approach (see for example [2]); also the resulting Holder estimates (as in Lemma 4.5 and Proposition 4.6)

are adaptations of standard arguments to our setting (see for example [5, Proposition 7.1]). The second
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penalization term in (4.5), however, is novel. The necessity of introducing this additional penalization
term depending on & will be explained in detail in Section 4.4.

We begin by collecting several elementary estimates, where d is again the distance function induced
by either the Fréchet metric or the Wasserstein distance (4.2):

Lemma 4.3. The sequence (pj.l’f) e, satisfies for all j € N the inequalities

Sy ) < S(e5) (4.6)

1
d(p},pl7) < <z (S(%) - S(o9)) 47
A1) < 2n (S - Se)6)) (48)

Moreover, the inequality (4.6) is strict unless p;”f = p?’j.

Proof. The minimality implies that

n 1 h. n, h, h, h, h,
S ) + 5740 S HEd(p)E P ) = 8 (o))
< S;”‘f(pj-lf) =S (pj-l’j) :

Using that the terms on the left are all non-negative, the result follows immediately. o

4.3. A Holder continuous flow

Our goal is to show that, taking a suitable limit # — 0, we to obtain a Holder continuous curve o¢ (f)
with ¢ € R{. In preparation, we form the continuous curve p'¢ by interpolation,

ph,f(t);:({h+lJ h) ’L"’fj+(h UZJ)pLjHJ 4.9)

For the next construction steps, we need the following generalization of the usual Arzela-Ascoli theorem:

Lemma 4.4 [3, Prop. 3.3.1]. Let (X, d) be a complete metric space and T > 0. Given a subset K C X
which is sequentially compact with respect to a topology T, suppose that (u;);jen is a sequence of maps
uj: [0,T] — X such that

uj(t) €K forall j e Nandallt € [0,T], (4.10)

hmsupd(uj(s) uj(t)) <w(s,t)  foralls,t€[0,T], 4.11)

/—)oo

where w: [0,T] X [0,T] — [0, ) is a symmetric function (i.e., w(s,t) = w(t,s) forall s,t € [0,T])
with the property that lim, 1y, (0,0) @ (s,t) = 0. Then there exists a subsequence (u;(x))ken C (Uj)jen
and a d-continuous map u: [0,T] — X such that the sequence (ujx)) converges pointwise to u with
respect to the topology T.

Its applicability in the present framework follows from the following lemma:

Lemma 4.5. The curve p"-¢ (1) defined by (4.9) satisfies for all 0 < t1,t, < oo the inequality

d(p"€(n). p"¢ (12)) < V2l = 11l + h NS (po) - (4.12)
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Proof. 1t clearly suffices to consider the case #; < 5. Then, by definition of pj, ¢,

=

d(p™E (). "4 (1)) < (L + 10 = 5) o5+ (= L) oTE 'DL"+1J)

L) LE+1]
TZ,
h,& t t
wdphif (L5 + 1= 8) o+ (3 = LR ol U) Zd £o)
L1
1 __l) 0 ( 12) > th
< (=g aels ol )+ (7= 151) dlels o)
L2])-1
h, h,
+ Z d(pjg’pj+f)’
J=Lg+1]

where the last step is trivial for d being the Fréchet metric and follows from Lemma 2.1 in the case of
the Wasserstein metric. It follows that

[2+1]-1
d(p"¢ (1), p™E (1)) < Z d(p e, plhD)
Jj= L ]
. )L,1+1J 1
< > \2h (S - sl
J= L ]
[2+1]-1 1 [2+1]-1 1
<( 1) ( 2 (S(0") - (™)
=L+ j=L%]

The last sum is telescopic. Moreover, using that the sequence of actions is monotone decreasing (4.6)
and non-negative, we conclude that

d(p"% (11), p"4 (12)) < V2 (12 — 11) + K /S (po) -
This completes the proof. O

We are now ready for proving our first existence result.

Proposition 4.6. For any & > 0, there is a Holder continuous flow
0f € C”2 ([0,00), (M (F), )
with 0(0) = pg. Setting
tmax = inf {t e R* | S(0% (1)) = TiglgS(gf(T))} € RYU {0},
the action is strictly monotone decreasing up to tmax, that is,
S(0% (1)) > S(0% (12)) forall 0<t <1y < tra . (4.13)

Moreover, the flow curve satisfies for all 0 < t| < t, the Holder bound
d(® (1), 0% (12)) < V2Vt =11 VS(po) .
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Proof. Case 1. d = W,. Let [T1,T>] C [0, c0) be a compact interval. We note that (9t (¥), W) is a
compact, hence complete, metric space by the Banach-Alaoglu theorem. We aim to apply Lemma 4.4
to the sequence (pé-1/7) jen together with d = W), and 7 being the weak*-topology on 9 (& ). Then
p& (1) € K := M (F) forall j € N, whereby (4.10) is satisfied. Moreover, the estimate (4.12) yields
that (4.11) is fulfilled with w(s, t) := /2|s — t|. Consequently, Lemma 4.4 together with (2.5) gives the
existence of a W, -continuous limit map p¢ i [T1,Tr] — M (F) such that p&-1/7K) (1) — o€ (1) with
respect to d = W), for every ¢t € [T1,T5]. For all i < t1 < 1 < T> we thus obtain

Wy (0 (1), 0% (12)) < Timsup (W, (0% (11), o1 (1)) + W, (01178 (1), p 111 M) (1))

k—oo
+ W, (0510 (1), @f(tz))) < V2V =11 VS (po)

by everywhere convergence and the estimate (4.12).

In order to construct the requisite curve as claimed in Proposition 4.6, we cover [0, o) by intervals
I == [€—-1,¢+1], £ € N. By what has been said above, we may choose a sequence (jlil)) such that, for
a certain limit curve ¢ € C%!/2([0,2]; MM, (%)) we have

pENI ot

with respect to W, on [0, 2] as k — co. Next choose a subsequence (j ,Ez)) c(j ,El)) such that

A
pf,l/sz) — E‘f

for a certain limit curve ¢ € C™'/2([1,3]; 9, (F)). Clearly, since (h2) c (hl), we must have o = 0
on [1,2], and then define o¢ := 9% on [2,3]. Proceeding iteratively in this way and passing to the
diagonal sequence, we obtain a sequence (j;) with j; — coandacurve 0% € C([0, c0); (M1 (F), W,))N
C%172(10, 00); (MM (F), Wp,)) such that for any compact subset 7 C [0, co) there holds

pE () — o(r) forall telin (M (F),W,) .

Case 2. d = dyy (). In this situation, we let d = day () and again let 7 be the weak*-topology on Mt (F).
Then K := M, (F) is compact for 7. Arguing as above, specifically applying (4.12) to d = day (), we
obtain the existence of a limit map p¢ € C([0, c0); (M (F); di(%))) such that, for some sequence (j;)
with j; = c0as | — oo, p& 17t — o in (M (F), Wp) (not in (M1 (F), dax(%))), locally uniformly in
time (i.e., uniformly in ¢ in a compact subset of [0, c0)).

Let us note that we have o¢ € cﬁ;c”z([o, 00); (M (F), dop())) indeed: Let 0 < T1 < T < o0, s0

that p& 171 (1) = o () for all ¢t € [T, T»] since W, metrizes weak*-convergence on I (). Since in
the present setting (4.12) is available for d = dyr (%), we conclude for ¢,¢" € [T1,T>] by weak*-lower
semicontinuity of the total variation norm

. , (4.12) 1
1% (1) = 0 (") lwer) < liminf llof, (1) = o], ()l < V2S(po) It =112 .

In this sense, the passage to the weak*-metric is only required to obtain the existence of such a curve,
whereas the Holder regularity for dap(g) survives from Lemma 4.5 by lower semicontinuity. This
concludes the proof of Proposition 4.6. |

Note that the previous theorem holds both in the case of the Wasserstein metric and the Fréchet metric
on M (F). However, the flow in these two cases has quite different properties, as will be illustrated in
Section 5 by a few examples.
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4.4. A Lipschitz curve in the case £ > 0

The introduction of a positive penalization parameter £ > 0 in (4.5) is motivated by the fact that it gives
us curves of finite length in MM (F). In order to see this, we iterate (4.7) and use again that S is monotone
decreasing. We thus obtain

N
1
Dld(plt o) < 7 (Sow®) = S(oy)) (4.14)
J=n+l K

showing that the length of the discrete curve is bounded by the total change of the action. This estimate
suggests that it is useful to use the action itself for the parametrization of the curve. As we shall see, it is
of advantage to do so already for the discrete curve, before taking the limit 2 \, 0 (as will be explained
in Remark 4.13 below). To this end, given i, & > 0, we set

s;=8(pl¥)  with jeN. (4.15)

Then the sequence (s;);jen is monotone decreasing, s; > sj41 > ---. Moreover, the estimate (4.14)
shows that the measures p j"f converge in the limit j — oo,

h, h,
prE - plt,

and that the action is continuous, that is,
h,
Sj \ S(poog) .

We now define a continuous curve by interpolation,

~ Sji =S  h, S8+l o, .
P (s) = J—pj e —’pjj if s€[sj41,55]. (4.16)
Sj = Sj+l Sj = S8j+l

This formula can be used even if s; = 5,1, in which case
~h h, h,
phE(s) = pE = plt
In this way, we obtain a continuous curve of measures
- h,
" [S(ps®). S(po)] = M (F) .

Lemma 4.7. Assume that the Lagrangian is Hélder continuous, L € CO’“(@7 X F, Rg). Then there is a
constant C > 0 (which depends only on F and L) such that for all s, s’ € [S(pfo’f), S(po)] and h > 0,

1

W, (ﬁh’f(s)),ﬁh’f(s')) < (|s -5+ Ch%) .

M

Proof. Given s and s’ we choose j and k with

s € [sj41,55] and s" € [Ske1, 5] -
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Applying the triangle inequality as well as (4.7) yields
Wy (5" (5)), 54 (s7)) < W, (5™ (9)), "% (s)) + 2 |sj — st + Wy (5" (1), p™ % (57))
< Wp ("4 (5)). 5" (s)) +-F1—ﬂ
1

+E|S_S|+E|S —ski+W (6™¢ (s1), ™4 () .

It remains to estimate the first two summands (the last summands can be treated similarly). In order
to estimate the first summand, we first apply Lemma 2.1,

W (575 (), 5 (57) < Wo(p!€. 028) < d(o!, p16) < V2R S (o)

The second summand can be estimated using (4.3) (in which case we choose @ = 1) or (4.4) by

1 1 . - c -
gl =3l = 2 8004 5) = S(3"4 9)| < F "4 (5. 54 ()"
Again Applying Lemma 2.1 and (4.4) gives
C C a
2 lsi =l < 2 dlej.05T) " < < (20S(p0))
3 &
This concludes the proof. m}

After these preparations, we can take the limit # N\ O to obtain the following result.

Proposition 4.8. By iteratively choosing subsequences and taking the limit of the diagonal sequence,
one obtains a curve of measures denoted by

5% 1 [85.,.S(po)] — B (F), 4.17)

where

& P ~h,&
> =1 f ") .
S 1zn\j(r)1 S(pe”)

min

The curve 3% (s) is Lipschitz continuous in the sense that
. . 1
d(8%(s2), 8% (s1)) < : (s2—s1)  forall Sim 51 < 52 < S(p0). (4.18)

Moreover, there is a sequence hy with hy ™\, 0 such that the end points of the corresponding piecewise
linear curves converge, that is,

FE(S(pk)) =S 8¢ (S5 - (4.19)

min

Proof. We let (h,),en be a real sequence which is monotone decreasing and tends to zero,

he N\ O

Moreover, we let (s¢)een With

se € (85, S(po)]
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be a sequence which is dense in the last interval. Then for every ¢ € N, there is an infinite number of 4,
with the property that the piecewise linear curve is defined at s, that is,

se > S(ﬁfo"f) .

Using compactness of measures, there is a weak*-convergent subsequence with

~ k—oo
P (se) — 8% (se) -

We now proceed inductively in the parameter £ = 1,2, ... and choose inductive subsequences. For the
resulting diagonal sequence, which for simplicity we denote again by ,, , the measures converge to a
limit curve of measures, that is,

k— oo
ot (sp) — 8%(s¢)  forall £eN.

Considering the interpolation (4.9), applying the estimate (4.7) and passing to the limit, we find that the
family of limit measures is again Lipschitz continuous in the sense that

(0 (s0), ¢ (50)) < é P

Therefore, it extends by continuity to the curve §¢ in (4.17) being Lipschitz continuous (4.18).
In order to prove (4.19), we estimate the Wasserstein distance (which, as specified in (2.5), metrizes
the weak*-topology). We first note that, for any £ € Nand & > 0,

Wy (54 (S (%)), &% (S5

< Wy (€ (S(o15)). 5 (50)) + W, (5 (50). 8 (50)) + Wi (8 500, 05 (85,

< é (S(pf;’f) —Sg+Ch%) +Wp(/3h,é(st,)’§§(s6)) +31: (Sﬁm _s[), (420)

where in the last step we applied Lemma 4.7. Choosing h = hy,, as our diagonal sequence and passing
to the limit, we obtain

ligingp(ﬁh"k’f(S(pfo"k’f)),@‘f(Sg. )) < é% (Sg. - S[) .

Taking the limit s, \, S ¢

min

shows that (4.19) holds (again for a suitable subsequence). |

4.5. Limiting measures and Euler-Lagrange equations

Based on the construction of curves of measures in the previous subsection, we now turn to their
convergence properties. In particular, we are interested in whether the underlying curves converge
and, if so, whether the limit measure satisfies the corresponding Euler-Lagrange equations at least
approximately.

In the case without £-penalization, we have the following result.

Theorem 4.9. Consider the minimizing movement flow corresponding to the action with penalization
(4.1) and (2.1), where the Lagrangian L has the properties (Al) and (A2) stated in the preliminaries
on page 5. In the case ¢ = 0, assume that the curve 0°(t) with initial measure 0°(0) = py € M (F)
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converges in the weak*-sense. We set
o T1s 0
O :=W'-lim p°(¢) .
t—00

Moreover, assume that for a sequence hy with hy "\, 0 the discrete sequences converge,

h n—oo hk
Pn* — Poo s

and that the limit measures converge to the limit point of the curve,

I k—o00
Poo T Qoo -

Then the measure 0 satisfies the EL equations (2.2).

Clearly, the assumptions on the existence of limits of measures in this theorem are quite strong and
restrictive. However, it seems impossible to relax these assumptions because, as explained in detail in
the example in Section 3, such a limit point will in general not exist.

In the case & > 0, the situation is much better, because the results of the preceding subsection imply
that the underlying curves of measures have finite length. This, in turn, can be used to establish the
following stronger result on the Euler-Lagrange equations being approximately satisfied in the limit:

Theorem 4.10 (Convergence and approximative EL-equations). Consider the minimizing movement
flow corresponding to the action with penalization (4.1) and (2.1), where the Lagrangian L has the
properties (Al) and (A2) stated in the preliminaries on page 5. In the case & > 0, the curve 0% (s)

converges as s "\, Sri]. . In the case of penalization by the Wasserstein distance W, (i.e., Case 2 in

(4.2)), the limiting measure

o5 = lim 0% (s)
S\'Srﬁin

satisfies the EL equations approximately, in the sense that the function {¢ defined by
3
o) = [ £0ry) dof) 4 Wy (60

is minimal on N := supp Qi,
Lely =inf s .
eln m;Z 3

The remainder of this section is devoted to the proofs of these theorems. We alleviate notation by
setting

- t t _ t t - .
a=(g]-gk emg-lE] wa ew=gs e =g
so that the interpolated measure defined in (4.9) can be written as

p"E (1) = a1 (1) pay (1) + @2 (1) p(ay (1) -

Lemma 4.11. Let h > 0, £ > 0 and denote by p's* € Wy (F) a weak*-accumulation point of (p?’f)
as j — oo. Then, for all z € F, we have

// L£(x,y) dp'E (x) dpE (y) < / Lo dolE )+ S W o). @2l
FxF F 2
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Proof. Given0 < 7 < 1 and z € & we define

pihE = (1= 1)plt 416, € M (F) .

Using that p ¢ is a minimizer of the penalized action, it follows that

< (sG-S ) + 5

f(W (k™ Pl ) =Wy (p, pl ))

< L (SGE™E) =S o (W (™ 52 W (ol 6

+ é:W,,(,ﬂ;h’f, P = V4V + VI
T

by use of the triangle inequality. By assumption, we have

J.h.& °°hf =(1

AL —1)plt

whereby Lemma 4.1 yields that

IV o L(8(3) - (o))
-

Jh, h, h,
(Wp (5" 01 = Wy o407

+70;,

asj — oo.

For term V, we use Lemma 2.1 to estimate and expand terms as follows,

1 h, h,E\\2 h,& _h,
V< (L= DWy (o, )+ 7W, (02 075)) = Wy (0%, p1%)?)

2th

~2n

1 h, hé&
(=2 (ol P+ W (o )2

+2(1=7) Wy (p %, pl D) Wy (62, 1) + TW, (62, 0

Since ¢ > 0 and & > 0 are fixed, we have that W,,(p?’f,p;’f) — 0 as j — oo. Moreover,

sup ey Wp (02, p?f) < oo, and therefore

li V<
1;11_)s01;1p 7

hW (6Z3p00 )

Lastly, employing Lemma 2.1, we arrive at the following estimate for VI:

h, h,
VI<EW, (62, ;%) = €W, (02, pic®)

as j — oo. Combining (4.22)—(4.23), we obtain

1 oo T
0< —(SWs™4) = S(L)) + Wy (800 p55) + €W (82,
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S(po)

K O et

Figure 2. Possible energy profile in the un-reparametrized situation. The reparametrization lets the
flow clear such plateaus where the energy is not strictly decreased.

At this stage, we aim to send 7 \, 0. Working from (4.24), we expand using the symmetry of L,

N2
O<(1 T)

1
//g; L(x,y) dps® () dpls® (3) - = / L(x,y) dp% (1) dpl? (3)

+2(1—7)/ L5, dpl5 () + TL(2,2) + W (61, ) + EW, (52, 915

2o [ el apk f<y>+2/ £(3,2) dplsE () + £W, (52, 9155

Hence, we arrive at

3

fy L(x, y)dpw‘f(x>dpfof<y></£(x ) dpls () + W, (5., 915

This is (4.21), and the proof is complete.
O

Lemma 4.12. Let ¢ > 0, and denote by IR the set of all weak*-accumulation points of (pfo’ ‘f) as
h ™\, 0. Whenever u € W™ and 7 € F are such that

inf/ﬁ(x,y)d,u(x):/ L(x,z)du(x), (4.25)
YeF JF F
we have
I eenwwano < it [ 260 au+Ewo6.n. (4.26)
FXF YEF JF 2

Proof. Since F is compact and the right-hand side of (4.25) is a continuous function in the second

variable, we find z € & such that (4.25) is satisfied. We let (h;) C R, be a sequence with A ~\, 0

and ph" <A — u as k — oo. By the continuity result from Lemma 4.1, it is then clear that the left-hand

side of (4.21) converges to the left-hand side of (4.26). On the other hand, since W), metrizes weak*-

convergence, we also have W, (6, pfok"f) SN Wy (6,, 1) as k — co. Again using continuity under weak™*
convergence, we obtain

/ £(x,2) du(x) = lim / L2 o), ko oo,
F k—eo J g

and then (4.26) follows at once. m]
Based on these preparations, we can now prove the main results of this section.

Proof of Theorems 4.9 and 4.10. According to Lemma 4.12, it suffices to show that there is a sequence
(hi)ren With g ™, 0 such that the corresponding discrete limit measures (pDo ‘f) converge to the limit
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measure 0. respectively Qfo. In the case & = 0, this is a consequence of the assumptions in Theorem 4.9.
In the case ¢ > 0, on the other hand, this was proved in (4.19). m]

Remark 4.13 (Why the reparametrization). At the beginning of Section 4.4, we reparametrized the
discrete curve by the action (see (4.15)). After interpolating (4.16) and taking the limit 2z , 0, we
obtained a continuous curve o? (s), where the parameter s coincides with the action along the curve.

The purpose of the reparametrization by the action is to avoid energy plateaus, as we now explain.
Suppose we had taken the limit 4 Y\, 0 without reparametrizing. Then it is a possible scenario that the
corresponding interpolated curve p”-¢ (1) defined by (4.9) stays almost constant for a certain range of the
parameter ¢ before leaving the energy plateau and approaching the minimizer at S”-¢ (o) (see Figure 2).

Since we have no a priori control on the size of this parameter range in #, we cannot exclude the
situation that the time ¢ = r(h) when the curve leaves the plateau tends to infinity as 2 \ 0. In this
case, the limiting curve as & ™\, 0 would remain on the plateau for all z, implying that the end points
p"€ (c0) would not converge as & \, 0. As a consequence, we could not be clear how to prove that the
limit measure p¥ (oo) satisfies the approximative EL equations.

After the reparametrization by the action, however, the corresponding interpolated curves (4.16)
leave the energy plateau at a parameter s uniformly in A, giving the desired convergence of the end
points (4.19). This is crucial for proving that the limit measure satisfies the approximative EL equations
(Theorem 4.10).

5. Further examples

We now illustrate the previous abstract results in a few examples. We choose &% = B1(0) c R? as a
closed unit ball in two dimensions. Moreover, we choose xg € & and let pg := d, be the Dirac measure
at xo. Given a bounded continuous function V € C°(%,R) N L®(%,R), we define the Lagrangian by

1
L(x,y) = 3 (V(x) + V() +clx -y, x,yeEF.
The corresponding penalized action reads
s = [ verdueo+e [ au [ dut) be-p
F F F

1
* 57 d(u, po)* +& d(u, po) , (5.1)

where d is again either the Fréchet or the Wasserstein metric (4.2).
We begin with the case of the Wasserstein distance.

Lemma 5.1. Assume that d = W), for some 2 < p < oco. Then, for any ¢ > 0, every minimizer of the
penalized action (5.1) has the form p = 6y, for some x| € &.

Proof. We observe that, for a Dirac measure centered at some x € &, the penalized action simplifies to
h,& 1 2
ST (0x) = V() + 5 = xol" + & |x —xo] - (5.2)

Since V is bounded and continuous, this function is minimal at some x; € . Next, let p € M, (F) be
an arbitrary measure. Using that

d(p.po) = (/g I = xol? dp<x>)”,
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we obtain

"¢ (p) = /g (V) + 5 =30+ = ol dp() (5.3)

v / dp(x) / dp(y) I - yI? (5.4)

F F
+i/|x—x|Pd(x)I2’—i/|x—x|2d(x) (5.5)
2\ Js 0 P 2 |y ol dp .
+§(/ Ix - xo|” dp(x))" —«f/ Ix - xo dp(x) . (5.6)
F F

Now (5.3) is bounded from below by S”-¢ (0x,) (recall that x| was defined as the minimizer of the
integrand of (5.3)). Moreover, (5.4) is obviously non-negative, and it is zero if and only if p is a Dirac
measure. Finally, the summands in (5.5) and (5.6) are non-negative in view of Holder’s inequality for
normalized measures (here we make essential use of the fact that p > 2). We conclude that every
minimizing measure is a Dirac measure. m]

In view of this lemma, the flow constructed in Section 4.3 reduces to the flow obtained by minimizing
movements from the action in the plane (5.2). If V is smooth and £ = 0, we obtain the usual gradient
flow for a curve y in #

Y1) ==VV(y(1).

The above example generalizes immediately to higher dimension. In this way, any gradient flow in
finite dimension can be recovered as a minimizing movement flow of a specific class of causal variational
principles.

The above example changes considerably in the case d = dgy (%) where we penalize with the Fréchet
metric. In this case, for a Dirac measure, the action becomes

he 0 if x=xg
ST (0x)=V(x)+4 1
—+&if x#xg.
TRk 0
Minimizing this action for sufficiently small 4, we get the unique minimizer u = po. Therefore,
considering minimizing movements in the class of Dirac measures gives the constant flow o(¢) = po.
This flow converges trivially in the limit # — oo, but the limit measure does not need to satisfy any EL
equations or approximative EL equations.
Nevertheless, minimizing movements become nontrivial if one varies in the class p € M (F) of
arbitrary measures. To see this, we let x; be a minimum of the potential V. We consider the family of
measures (pr)refo,1] With

Pr=T0x +(1=7) 0y .

Then

1
8" (pr) = V(xo) +7 (V(x1) = V(x0)) +2c 7(1 = 7) |x1 — xo|* + o e,
Note that the linear term 7(V (x1) — V(x¢)) is negative. This implies that the minimizer within our family
is attained for 7 > 0, provided that ¢ and ¢ are sufficiently small. The flow constructed in Section 4.3 is
nonlocal in the sense that the support of o(#) typically changes discontinuously. This can be understood
immediately from the fact that the total variation norm does not involve the metric on & and therefore

https://doi.org/10.1017/fms.2026.10230 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2026.10230

22 F. Finster and F. Gmeineder

cannot “see” if the points on F are near or far apart. Nevertheless, as is made precise in Section 4.5,
this nonlocal flow tends to a critical measure.

6. Minimizing movements for causal fermion systems in finite dimensions

The goal of this section is to extend the previous constructions to the causal action principle for causal
fermion systems on a finite-dimensional Hilbert space.

6.1. Causal fermion systems and the reduced causal action principle
We now recall the basic setup and introduce the main objects to be used later on.

Definition 6.1. (causal fermion systems of fixed trace) Given a finite-dimensional Hilbert space # with
scalar product (.|.)s and a parameter n € N (the “spin dimension”), we let # c L(#’) be the set of all
symmetric linear operators x on # with trace one,

trx=1, 6.1)

which (counting multiplicities) have at most n positive and at most n negative eigenvalues. On F we
are given a positive measure p (defined on a o-algebra of subsets of F). We refer to (#, F, p) as a
causal fermion system.

A causal fermion system describes a spacetime together with all structures and objects therein.
In order to single out the physically admissible causal fermion systems, one must formulate physical
equations. To this end, we impose that the measure p should be a minimizer of the causal action
principle, which we now introduce. For any x,y € &, the product xy is an operator of rank at most
2n. However, in general it is no longer a symmetric operator because (xy)* = yx, and this is different
from xy unless x and y commute. As a consequence, the eigenvalues of the operator xy are in general
complex. We denote these eigenvalues counting algebraic multiplicities by /l)lcy e ’1;5 € C (more
specifically, denoting the rank of xy by k < 2n, we choose 4,7, ..., 4;” as all the nonzero eigenvalues
andsetA,?},,..., 4, =0).Givena parameter k > 0 (which will be kept fixed throughout), we introduce
the x-Lagrangian and the causal action by

2n 2n 2
k-Lagrangian: L(x,y) = % Z (|/1j‘y| - |/1;fy|)2 +k (Z |/l;‘y|) 6.2)
i,j=1 j=1
causalaction: S(p) = ‘/9 L(x,y) dp(x) dp(y) . (6.2)
XF

The reduced causal action principle is to minimize S by varying the measure p under the
volume constraint: p(F)=1,

within the class of all regular Borel measures (with respect to the topology on & c L(%’) induced by
the operator norm).

In order to put these definitions into context, we briefly explain how the above variational principle is
obtained from the general causal action principle as introduced in [8, §1.1.1]. First of all, we here restrict
attention to the finite-dimensional case dim # < oo. In this case, the total volume p (&) is finite. Using
the rescaling freedom p — o p, it is no loss of generality to restrict attention to normalized measures.
Next, using that minimizing measures are supported on operators of constant trace (see [8, Proposition
1.4.1]), we may fix the trace of the operators. Moreover, by rescaling the operators according to x — Ax
with 4 € R, one can assume without loss of generality that this trace is equal to one (6.1). Finally, we
here consider the reduced variational principle where the so-called boundedness constraint of the causal
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action principle is built in by a a Lagrange multiplier term, namely the last summand in (6.2). This
Lagrange multiplier term is needed for the existence theory, which we now recall.

6.2. Moment measures and existence theory

Endowed with the metric induced by the operator norm,

d(x,y) = |lx = yllLw) »

the set & c L(¥#) is a locally compact metric space. However, it is unbounded and therefore not
compact. For this reason, the causal action principle does not quite fit to the compact setting as introduced
in Section 4. Nevertheless, we can adapt the methods, as we now explain. The main tool is to work with
the so-called moment measures first introduced in [7].

Definition 6.2. Let 5 be the compact metric space
K ={p € F with ||p|| =1} U {0} .

For a given measure p on %, we define the measurable sets Q c # by the requirement that the sets
R*Q = {1p |1 € R*, p € Q} and R-Q should be p-measurable in % . We introduce the measures m?),
mf_,l) and m® by

m(©) = 2 p(R'Q\ {0}) + 5 p(RQ\ (0}) + (@20 0})
@ =3 [ Iplldo(p)
m@ =3 [ ol do(p)

1 1
m® Q) =+ / IpI? dp(p) + / IpI? dp(p) .
2 Jr+a 2 Jr-o

The measures m) and m'" are referred to as the /" moment measures.

The main point is that the causal action as well as the constraints can be expressed purely in terms
of the moment measures. Indeed, as shown in [7, Section 2.3] (for more details see also [10, Section
12.6]), the volume constraint p(%) = 1 and the trace constraints can be expressed as

mOF) =1  and  t(p) dmV(p)=dm@(p), (6.4)

whereas the action (6.3) can be written as

S(p) = //%  Llpa) dm®(p) dm® ) 65)

Here we make essential use of the fact that the trace is homogeneous of degree one and that the «-
Lagrangian in both arguments is homogeneous of degree two.

Working with these moment measures, one can prove existence of minimizers, as is summarized in
the following theorem.

Theorem 6.3. Let (p¢)cen be a minimizing sequence. Then there exists a subsequence (pg, )ken which
converges in the weak*-topology to a minimizer p.

Proof. The proof is a direct adaptation of methods introduced in [7, Section 2] (see also [10, Section
12.6]). We only give a sketch and refer for more details to the just-mentioned works. We let m()¢ and

https://doi.org/10.1017/fms.2026.10230 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2026.10230

24 F. Finster and F. Gmeineder

be the moment measures corresponding to the measures p¢. Clearly, the measures m{()o) and m("

O]
mi t
satisfy the constraints (6.4). Moreover, a direct estimate using the Lagrange multiplier term in (6.2)
shows that the first and second moment measure are uniformly bounded. Therefore, the Banach-Alaoglu
theorem provides us with a nonrelabeled subsequence such that

(0)

€

(1

- m®, m,’, = mil) and m?

(2
n —m .

m
with convergence in the C°(%)*-topology, where m©® € 9t (%) is a normalized Borel measure and
mil), m® e M(K) are Borel measures. As shown in [7, Lemma 2.12] (for more details see also [10,
Chapter 12]), we know that there is a parameter & (which depends only on the spin dimension # and the
dimension of the Hilbert space f) such that for any measurable set Q ¢ % the following inequalities

hold,
m{"(Q)? < m? Q) m? Q) (6.6)
m? (%) < v5) 6.7)

VK &

These inequalities show that the measures m‘? and mil) are bounded. Therefore, we can introduce the

signed measure m» by m™ := m!Y — mD. The estimate (6.6) implies that this signed measure is

absolutely continuous with respect to m(?). Therefore, it has the Radon-Nikodym representation
mD = rm©@  with fe L' (#,dm?). (6.8)
Moreover, we conclude from (6.7) that f lies even in L?(%, dm(?) and that
|f|2m(0) <m®? .

Since the «-Lagrangian is non-negative, the action becomes smaller if we replace the measure m? by
| 1> m©_ Therefore, the measure p defined by

p = Fm® with F:*—>%F, x— f(x)x (6.9)
is the desired minimizer. O

We point out that the compactness result used in this proof yields convergent sequences of measures

m® - m® and  m{” > m®. (6.10)

The action is lower semicontinuous with respect to this convergence, that is,

S(p) < li(gninfS(pg) (6.11)

with p as defined by (6.9) via the Radon-Nikodym decomposition (6.8).

6.3. Minimizing movements for the causal action principle

In view of the constructions of the previous section, it seems preferable to work with the moment
measures. For notational simplicity, we denote the zeroth moment measure by m. Then the proof of
Theorem 6.3 shows that, for constructing minimizers, it is no loss of generality to consider measures of
the form

p=Fm (6.12)
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with
F:X—>%F, xo fx)x with feLl*(H,dnR)).
According to (6.4), the volume and trace constraints are implemented by demanding that
m(x) =1 and f(x) tr(x) =1 foralmostall x € & .

Moreover, according to (6.5), the causal action becomes

S(m, f) = //% L) P LF@F dm(p) dmg).

Note that the measure p is now described by the pair
(m. f) € P(F) = {(1.8) | 1 € M(F). g € L*(X.RG:dw)} . (6.13)

Guided by the procedure for causal variational principles (4.1), we now want to penalize the action.
However, the choice of the distance function is not obvious. A natural idea is to take the distance function
which reproduces the topology of the convergence of measures in (6.10). Since we now restrict attention
to measures of the form (6.12), the resulting distance function could be written as

d((m, f),(m’, 1)) :=d(m,m’) +d(f m, f'm’),

where on the right we consider again the Fréchet or the Wasserstein metric (4.2), but now on IR (%).
But this choice has the disadvantage that the action is only lower semicontinuous (6.11) (which would
not allow for passing to the limit in the EL equations, as done for causal variational principles in Lemma
4.11). Therefore, it is preferable to choose a parameter

q>?2
and to introduce a distance function on P (%) by
d((m, £), (m’, ) = d(m,m') +d(|f|7m, |f'|7m’). (6.14)

In analogy to (4.5), given parameters & > 0, & > 0 and a pair (my, fo) € P(H), we consider the
causal action with penalization

S (m. f) = S, )+ 5 d((m, 1), (o, o))+ d((m, ). (mo. ) (619)

Lemma 6.4. For any q > 2, & > 0, h > 0 and (my, fo) € P(K), there exists a minimizer
(m, f) € P(K) of the causal action with penalization (6.15). Moreover, the action is continuous in the
sense that every minimizing sequence has a subsequence (e, f¢) such that

SmE(m, f) = Jim S (my, fz) - (6.16)

Proof. Since the k-Lagrangian is non-negative, the penalized action is bounded below and thus
m = inf S"¢ exists in [0, ). We choose a minimizing sequence (my, f;) for S™¢, so that
m = lim/_,e S™¢(my, f7). Due to the penalization, the sequences of measures m, and | ff | m, are
bounded. Therefore, the Banach-Alaoglu theorem provides us with a nonrelabeled subsequence such
that

me—om, |f|9me - m@
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with a normalized Borel measure m € MM, (%) and a Borel measure m(?) € IMM(F). Now for any Borel
subset Q ¢ %, we can apply the Holder inequality to obtain

2
2 a2 a
mg,>(g)=/fg dm, < m(Q) 7 (/f;’ dmg) .
Q Q
Passing to the limit, we obtain
q-2
m?(Q) < m(Q)7T m@ (@)
This shows that m® is absolutely continuous with respect to m. Therefore, we can represent it as
m® = hm with h € L'(%,dm). Repeating this procedure for m"), we conclude that there is a

function f € L?(%,dm) such that

m = fu and m® = fPm.

Therefore, defining the limit measure p again by (6.9), all the moment measures i, m}l) and mt()z)
converge. Using that the Lagrangian is continuous on & X %, in (6.5) we can pass to the limit. This
proves that the action is indeed continuous in the sense (6.16). O

Now Propositions 4.6 and 4.8 extend in a straightforward way. The only additional ingredient to keep
in mind is that the causal Lagrangian is indeed Holder continuous with Holder exponent a = 1/(2n+1)
(see [13, Theorems 5.1 and 5.3]), so that we can use the estimate (4.4).

Theorem 6.5. For any & > 0, there is a Holder continuous flow
(m, £€) € C*2([0,00): P())
with (m¢, ££)(0) = (my, fo). Setting
tmax = inf {t € RY | S(p® (1)) = Ti£H£+S(p§(T))} .
the action is strictly monotone decreasing up to tmax, that is,
S(mé (1), f4(11)) > S(m&(12), f£(12)) forall 0<t) <ty < lmax -

Moreover, the flow curve satisfies for all 0 < t1 < tp < tmax the Holder bound

d((m (), £ (), (€ (), £4(12)) < V2N =11 JS(mE (0), ££(0))
Finally, in the case & > 0, this curve satisfies the Lipschitz bound
d((m€ (). £ (). (m (12). £ (1))
< % S0 (m ). £200) = S(¥ (€ 02, £ (1)

Following the procedure in Section 4.4, in the case ¢ > 0, we may reparametrize using the action
itself as the parameter s. We denote the reparametrized curve again with an additional tilde, that is,

(€, 79) s (S

min’

S(po)|] = P(X) .

In analogy to Proposition 4.8, we have the following result.
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Proposition 6.6. The curve (¢, f¢) is Lipschitz continuous in the sense that

d((@ (s1), F9) (51), (1 (52), f4) (52))

1
< é—: (s2=s1) for all Srim

<51 <52 <8(00) -
Moreover, the limit (Tﬁ‘f,f)(SIim) = w*—lims\sg (ﬁtf(s),f‘f)(s)) exists in the sense of weak™-
convergence of measures.

6.4. Limiting measures and Euler-Lagrange equations

Theorems 4.9 and 4.10 extend in a straightforward way to causal fermion systems. Since the assumptions
in Theorem 4.9 are strong and seem difficult to verify in the applications, we only state the analog of
Theorem 4.10.

Theorem 6.7. In the case & > 0, for any q > 0 the curve (¢ (s), f¢ (s)) converges with respect to the
distance function (6.14) as s "\ Sim. In the case of penalization by the Wasserstein distance W), (i.e.,
in Case 2. in (4.2)), the limiting measure

(&, f2) = lim (@ (). /4 (s))

S \'Smin

satisfies the EL equations approximately, in the sense that the function {¢ defined by

¢
e = [ L) dp()+ 5 (6, (m £)
is minimal on the support of p, that is,

€ =inf ¢
¢y =inf Ce

with N := supp p and p defined similar to (6.9) by p = F.m% and F(x) := f(x) x.

Proof. We again proceed as in Section 4.5, always with the measures in | (F) replaced by pairs in
P(H) (see (6.13)). The existence of the limit measure follows as in Proposition 4.8. The EL equation
are obtained exactly as in Lemma 4.12. O

We finally point out that the last proof of convergence no longer applies if & = 0. This is the reason
why in Theorem 4.9 we had to assume that the curve (m°(z), f°(z)) converges. Similar as explained by
the example in Section 3, in the case & = 0 we cannot expect convergence of the curve.

7. Application and outlook: A flow in the infinite-dimensional case

In order to exemplify possible applications of the constructed flows, we will now show how the Lipschitz
continuous flow constructed in Proposition 6.6 can be used in order to construct a corresponding flow in
the infinite-dimensional setting. The general idea is to append the flows in finite-dimensional subspaces
of the Hilbert space for increasing dimension.

For the detailed construction, we assume that the Hilbert space # in Definition 6.1 is separable but
dim #Z = co. We consider a filtration by finite-dimensional subspaces, that is,

Gl

HcHc - cx wih dmF,=p ad x=|]7, (7.1)
=1

https://doi.org/10.1017/fms.2026.10230 Published online by Cambridge University Press


https://doi.org/10.1017/fms.2026.10230

28 F. Finster and F. Gmeineder

Extending the operators by zero, we obtain corresponding inclusions % € %, C ... ¢ & with

M1 (F1) > My (F) > ..

for suitable embedding maps ¢;, j € N.
Given a parameter ¢ > 0 and a starting point (mg, fy) € P(X'), we consider the reparametrized flow
from Proposition 6.6 in &. It has a limit point, that is,

lim (€, f4)(s) = (o, fo) € P(F) .
S\Srim,]
Using the above embeddings, we can consider this limiting measure as being in P(%'). Taking this
measure as the new starting point, we consider the reparametrized flow from Proposition 6.6 in %,.
Proceeding in this way inductively, we obtain a Lipschitz continuous curve in &. The action is strictly
decreasing along the flow curve.

We note that the above method can be refined in various ways. One extension which seems useful
is not to choose ¢ > 0 as a constant, but to consider instead a monotone decreasing sequence (£p,)pen
which converges to zero as the dimension p of the Hilbert space tends to infinity. Similarly one can also
adjust the parameter « in (6.2) when increasing the dimension. The detailed construction remains to be
worked out.

We finally remark that this procedure is inspired by and bears some resemblance with renormalization
flow techniques used in quantum field theory. In order to explain the connection, we note that ultraviolet
regularizations are often realized by a cutoff in momentum space which (at least for systems in finite
spatial volume) corresponds to restricting attention to finite-dimensional subspaces of the underlying
Hilbert space. Removing the cutoff corresponds to the limit when the dimensions of the subspaces tend
to infinity. In the renormalization program, one studies this limit while carefully adjusting the masses
and coupling constants in the physical action. Our analysis is similar because we study minimizers of
the causal action for a filtration (7.1) while adjusting the parameters & and «.
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